ABSTRACT: Nearshore marine ecosystems are among the most productive areas in the world. Unfortunately, these areas also receive pollutants released into oceanic and riverine waters. Six years following the Deepwater Horizon oil spill, the largest in US history, the complexity of ecological injuries in this system is just now being elucidated. Here, we describe a novel pathway of injury from oil spills by documenting how the loss of oysters near marsh edge as a direct result of shoreline oiling and clean-up activities can double rates of coastal erosion. As part of the natural resource damage assessment, we examined the impact of shoreline oiling on eastern oysters Crassostrea virginica near the marsh edge at 187 sites in Louisiana and Mississippi Sound in 2013. For marshes that experienced heavy oiling, oyster habitat was 77% less abundant than in areas where no oil was observed. Areas near marshes characterized by more moderate levels of oiling had 33% less oyster habitat than areas where no oil was observed. Similarly, the number of sites without any oyster habitat was higher in heavily and persistently oiled areas compared to areas where no oil was observed (56 vs. 24%). The consequences of this loss are substantial and include loss of essential fish habitat, reduced nutrient cycling, and decreased erosion buffering. For a subset of the sites where erosion rate was also measured between 2010 and 2013 (n = 79), shoreline loss was more than twice as high (2.1 vs. 0.9 m yr −1 ) in areas lacking oyster cover. Our findings provide evidence that loss of nearshore oyster habitat can disrupt the strong facilitation between oysters and marsh vegetation.
INTRODUCTION
Within marine and estuarine landscapes, transition areas between habitat types ('edges') have extremely high biological production, serve as key nursery habitats for juvenile fish and mobile invertebrates, and are hotspots of biogeochemical cycling (Beck et al. 2001 , Bologna & Heck 2002 , Piehler & Smyth 2011 . The high biological productivity of these systems results from their juxtaposition between the end of the terrestrial biome and beginning of the sea. Shallow water (<1 m depth) habitats adjacent to sandy shorelines and salt marshes are the most common habitat edges in estuaries of the northern Gulf of Mexico (GoM). These nearshore habitats also represent one of the more sensitive and imperiled systems in the world (Vitousek et al. 1997 , Lotze et al. 2006 , Halpern et al. 2007 ). Sea level rise, reduced sediment load of riverine systems as a result of upstream flood control measures, urban and agricultural development, and contamination threaten the existence of these habitats and the ecosystem services they provide to society (Vitousek et al. 1997 , Syvitski et al. 2005 . Because these areas account for 24% of total global ecosystem services (Costanza et al. 1997 (Costanza et al. , 2014 , the economic consequences of habitat losses can be staggering.
Unfortunately, nearshore habitats are often the final repository for contaminants released into oceans. Oil spills are one of the primary examples of this phenomenon, with sandy shores, rocky intertidal zones, seagrass meadows, and marsh edge habitats shown to accumulate oil transported by surface waters (e.g. Ixtoc I, Tunnell et al. 1981 ; 'Exxon Valdez, ' Peterson et al. 2003 ; Persian Gulf War, Gundlach et al. 1993; see also NRC 2003) . Oiling of these shorelines results in ecological injury via multiple pathways: (1) physical fouling and smothering of the sensitive plants and animals that serve as the foundational species for the habitat (Smith et al. 1984 , Peterson et al. 2003 ; (2) toxicity of the oil to plants and animals (Roth & Baltz 2009 ), which may last for extended periods of time if oil accumulates in bottom sediments or on marsh terrace soils (Reddy et al. 2002) ; and (3) oiled areas are also often the site of intensive response activities, which may result in physical degradation of the habitat (Driskell et al. 2001) .
Whereas the ecological injuries associated with oiling vegetated and rocky intertidal shorelines are well established, less well-known is the response of eastern oysters Crassostrea virginica that form emergent reefs or smaller hummocks near marsh edges (Fig. 1) . Historically, this narrow band of oysters along the marsh edge has largely been overlooked by marine resource agencies in the GoM and most of the Atlantic States (except South Carolina) because of the limited fishery value of the resource (Dyer & Leard 1994) . Oysters present in this zone are not considered desirable resources for the raw oyster market because of their irregular shape; they are difficult to harvest in the very shallow and soft sediment environments; and they often occur in areas closed to harvest because of water quality concerns (e.g. fecal coliforms, Vibrio spp.). The unattractiveness of these oysters for the fishery may increase their ecological importance, because in many areas these oysters serve as de facto sanctuary areas that form spawning stock reserves for oysters.
In contrast to their limited fishery value, the ecological importance of these oysters cannot be overstated. Nearshore oysters, like their subtidal counterparts, play in an important ecological role through their filtration activities. Oysters remove sediments, phytoplankton, and detrital particles, potentially reducing turbidity and improving water quality (Dame & Patten 1981) . The enhanced benthic− pelagic coupling that results from the suspension feeding of dense assemblages of bivalves can create hotspots of biogeochemical cycling (Piehler & Smyth 190 Kellogg et al. 2013 ) within the estuarine landscape. The complex habitat formed by the gregarious settlement of oysters (reefs or hummocks) also provides critical refuge for benthic invertebrates as well as fishes and mobile crustaceans (Meyer & Townsend 2000 , Peterson et al. 2003 , Coen et al. 2007 , Grabowski & Peterson 2007 . The complex structure provided by oyster habitat may also facilitate (sensu Bruno et al. 2003 ) the maintenance and expansion of other habitats. Shallow subtidal and intertidal oyster reefs can facilitate emergent (saltmarsh, Meyer et al. 1997 , Scyphers et al. 2011 ) and submerged vegetation (seagrass, Newell et al. 2002) in estuarine systems. For emergent shoreline vegetation like Spartina patens and S. alterniflora, nearshore oyster habitat may reduce wave energy that would normally result in shoreline erosion (Meyer et al. 1997 , Piazza et al. 2005 , Scyphers et al. 2011 , NRC 2014 , Lunt et al. 2017 .
Recognizing both the importance of nearshore oyster habitat and the substantive degree of shoreline oiling that resulted from the Deepwater Horizon (DWH) oil spill in the north-central GoM, we designed a large-scale study that examined the distribution and fate of oyster habitat as a function of severity of shoreline oiling at 187 sites from Terrebonne Bay, Louisiana, through Mis sissippi Sound, Alabama (Fig. 2) . For a subset of these sites (n = 79), synoptic data on shoreline erosion was available from companion studies '(non-persistent oil that normally presents as sheens), on the effect of the DWH oil spill on salt marshes ) that allowed us to evaluate the consequences of changes in oyster cover on a critical ecosystem service -erosion control and facilitation of adjacent vegetated shorelines. Specifically, we tested the hypotheses that percent cover of oyster habitat and oyster abundance would change as a function of shoreline oiling resulting from the 2010 DWH oil spill and that loss of oyster habitat would result in changes in shoreline erosion rates.
MATERIALS AND METHODS
Oyster habitat adjacent to emergent salt marsh (hereafter referred to as nearshore or intertidal oysters) was surveyed in the north-central GoM (between Terrebonne Bay, Louisiana, and Mississippi Sound, Alabama) to evaluate the condition (distribution and abundance) of nearshore oysters as a function of shoreline oiling or response activities, in cluding releases of fresh water from large river diversion structures in Louisiana, following the DWH oil spill. Sites (200 m long stretches of shoreline) were mapped to estimate oyster cover, as indicated by the presence of shell substrate. Where nearshore oysters were detected, sites were sampled for oyster density (number of oysters m −2 ) and size frequency. Sampling occurred between 14 February and 26 April 2013, i.e. 3 yr post spill.
Site selection
Oyster sampling locations were selected from a large sampling universe of 2779 sites assessed in 2010 along the coastline of the northern GoM from Rollover Lake, Louisiana, to Apalachee Bay, Florida. Based on repeated observations by response surveys (shoreline cleanup and assessment technique, SCAT) and natural resource damage assessment (NRDA) teams, shorelines along the northern GoM were evaluated and assigned to 1 of 5 shoreline oil exposure classes, each describing a particular pattern of oiling over time (Nixon et al. 2016) . For vegetated shorelines, these classes included 'heavy persistent oiling' (where heavy or moderate oiling was repeatedly observed over a period of ≥12 wk between April 2010 and February 2015), 'heavy/moderate oiling' (where moderate or heavy oiling persisted for <12 wk), 'lighter oiling' (non-persistent oil that normally presents as sheens), 'no oil observed,' and 'shoreline not surveyed' by linear shoreline evaluation methods. Of these sites, 187 along SCAT-surveyed shorelines were randomly chosen that represented the range of shoreline oiling categories and potential influence of the late spring/early summer freshwater diversion releases in 2010 from Terrebonne Bay, Louisiana, and Mississippi Sound, Alabama (Fig. 2) . Many of these 187 sites were also chosen for eval uation under the NRDA-sponsored marsh edge and sandy shoreline study and the coastal vegetation study (www.gulfspillrestoration.noaa.gov/oilspill/ gulf-spill-data/ (Martínez et al. 2012 , Rose et al. 2014 , releasing 212 000 l s −1 (Davis Pond) and 226 000 l s −1 (Caernarvon) of Mississippi River water directly into those estuaries. Normally these structures are opened only during the cooler winter and early spring months of each year because of potential impacts to oysters and other fisheries from low-salinity water exposure during the warm late-spring and summer months (Turner 2006 , Rose et al. 2014 ). The additional sampling locations were probabilistically selected using the generalized random tessellation stratified sampling procedure (Stevens & Olsen 1999 . The 187 sites sampled in 2013 represent a range of exposures to both oiling from the DWH spill in 2010 and changes in salinity resulting from actions undertaken by the State of Louisiana in response to the spill. Unsurveyed sites originally assigned to the 'not surveyed' oiling category were excluded from further consideration.
Distribution of nearshore oysters
Following site selection, 4 field teams mapped oyster shell and other hard substrate over a total of 200 m of shoreline length at each of 187 sites. Each site was divided into 40 transects (20 on each side of a center location that was randomly chosen 0 to 5 m to the right of site center coordinates). Transects ran perpendicular to the shoreline, were 15 to 20 m in length (measured from the end of the vegetation line to offshore), and were spaced 5 m apart. At each sampling site, the transect start location (latitude and longitude) and direction (degrees) were recorded. Field teams cast a Y-shaped metal bar (secured to the end of a fiberglass meter tape) between 15 and 20 m from shore in a direction perpendicular to the shoreline and then slowly pulled it back along the sea floor, feeling for vibrations through the tape that would indicate the interaction of the bar with oyster shell. Transect lengths were measured beginning at the nearest meter mark on the tape. All field teams were trained in areas with known configurations of oyster shell and soft substrate prior to field work.
Substrate along each of the 40 transects at a site was recorded as either type 1 (soft mud), 2 (moderately firm mud, firm mud or sand, and buried shell), or 3 (exposed shell or reef) for each meter of the transect. Each meter of substrate was assessed either by the feel of the implement on the substrate as the bar was pulled back toward the shore or through a combination of feel and visual observation when oysters were clearly visible. Some segments of the transects could not be mapped because the implement could not be thrown to the full 20 m extent, because of the presence of a dock or other obstruction, or if the field crew could not safely map the transect, for example, because of the presence of a deep channel extending from the shoreline at the transect start. The proportion of type 3 substrate cover, i.e. the percent cover of oyster habitat, for each mapped nearshore site was estimated as the total length of meters identified as type 3 substrate divided by the total length of meters mapped at that site.
We also examined the potential for response and oil clean-up activities that occurred on the shoreline to affect oyster cover. We reviewed records collected by NOAA related to shoreline oil spill response activities, including documents, database records, maps, and spatial data associated with pre-and post-oiling shoreline response activity operational work orders, and classified each site as receiving onsite response treatment or not treated. Onsite response activities included placement of booms adjacent to shorelines to prevent oil from reaching shorelines; flushing marsh surfaces with water; cutting and raking marsh vegetation; removing wrack and vegetation; raking heavy oil deposits from soil surfaces; and placing loose sorbent material (Zengel et al. 2015) . We did not attempt to separate treated areas by severity of disturbance because all onsite response activities would be associated with physical alteration of the soft-sediment habitat seaward of the marsh, and most onsite response activities would involve landing boats on the marsh edge and deploying crews at the sites.
Oyster abundance
Site mapping determined segments where oyster shell was found and therefore could be surveyed for abundance of oysters using quadrat sampling. Segments were defined as linear segments of exposed shell at least 1 m in length. Oyster abundance was sampled at up to 6 randomly selected quadrats per site. Quadrat sample locations were chosen from among segments where oyster shell was found using a 2-step process. First, each segment of exposed shell identified during mapping was numbered. Because segments could be multiple meters in length, field teams used a random number table to select 1 m long sections of segments for quadrat sampling. Up to 6 independent segments of exposed shell were sampled, depending on the number of segments identified and the length of available segments. In a given segment, each selected 1 m long section of shell was only sampled once. Quadrats of 1 m 2 were made of PVC. All substrate encompassed within the quadrat was collected by hand up to a depth of approximately 4 cm and placed in a labeled burlap sack. Samples were transported on ice to the Dauphin Island Sea Lab, Alabama. Within 48 to 72 h of collection, live oysters from each sample were enumerated in 3 size classes: market (≥75 mm), seed (25−74.9 mm), and spat (< 25 mm). Water quality measurements (salinity, temperature, dissolved oxygen) were also taken on the day of sample collection (recorded at the site center point at a water depth of at least 20 cm).
Historical salinity
We examined the salinity history at each of our sites to determine whether average salinity differed by our design and could possibly confound our analyses. We utilized the network of salinity monitoring sites (both continuous sampling instruments as well as discrete samples publicly available) to determine if salinity varied by the 3 shoreline oiling categories and whether the sites were influenced by the 2 freshwater diversion areas. Salinity records were synthesized from several sources to complete the analysis: Louisiana Department of Wildlife and Fisheries, Louisiana Coastal Protection and Restoration Authority, Louisiana Department of Health and Hospitals, Louisiana Department of Environmental Quality, Mississippi Department of Environmental Quality, and US Geological Survey (complete details of the synthesis are given in Powers et al. 2017 , this Theme Section).
Erosion/shoreline change
Prior to sampling nearshore oysters, several other NRDA studies were undertaken to evaluate exposure and injury to nearshore flora and fauna. Seventynine nearshore oyster sampling stations were colocated with sites included in an evaluation of coastal wetland vegetation that collected synoptic data on shoreline erosion. The coastal wetland vegetation assessment (CWV) was intended to evaluate the effects of plant stem oiling on plant productivity, cover, and health and shoreline change. CWV sites were classified by degree of oiling on plant stems and by vegetation type. At each site, a transect was established with 1 to 3 fixed-location, permanent plot pairs (for observations and destructive sampling). The length of the initial transect was determined by the length of oil penetration into the vegetation, as observed during the pre-assessment survey conducted in the summer of 2010, with a maximum length of 30 m from the intersection of water and vegetation. For reference sites, at which no oil was observed, the default transect length was 20 m. The number of vegetation sampling plots (up to 3) and the location of the plots along the transect were determined by transect length. The permanent location of the most shoreward plot pair was established with the shore edge of the plots located 1 m from the marsh edge at the time of the first sampling event.
In addition to the plant metrics collected at each plot, observations and measurements of shoreline change were made during each CWV sampling event. The length of the transect was first recorded when sites were established in the fall of 2010 (Louisiana sites) or the spring of 2011 (Mississippi and Alabama sites). At each subsequent survey (Spring 2011 , Fall 2011 , Fall 2012 , Fall 2013 , the distance from the inland stake to the marsh edge was measured, and observations of erosion or shoreline change were recorded. GPS coordinates were obtained from the shoreline and inland ends of the transect as well as the lower left corner of each plot (facing inland, the left-hand shoreward corner). Coordinates were generally obtained once per site with a GPS device with sub-meter accuracy (e.g. Trimble GeoXH), typically the first time a site was sampled. Each subsequent time a site was visited, a GPS device such as the Garmin GPSMAP 76 or the Garmin GPSMAP 60 was used (with an estimated accuracy of 3 m). The 79 oyster sites that are co-located with the coastal vegetation sites are used here to evaluate relationships between oyster cover and shoreline change from the fall of 2010 to the fall of 2013.
Wind/wave energy
To examine other factors that could influence oyster cover and shoreline change, an exceedance wind frequency-based exposure index (EI e ) was calculated and applied to sample stations. The index estimates exposure to extreme wind-driven wave energy based on fetch (in this work, the fetch at any given location on the shoreline is defined as the maximum overwater distance in a given direction from that point) and the proportion of all winds that exceed a specific velocity in each evaluated direction. The index method was based on Keddy (1982) with modifications. The EI e used in this analysis is based on critical wind speed exceedances using 2010−2013 data from 4 NOAA National Data Buoy Center stations between Lake Calcasieu, Louisiana, and Apa lachicola Bay, Florida, resulting in a range of index values from 4 to 7593 for 187 investigated sites. Index values are computed for each year between 2010 and 2013 from overwater modified effective fetch values (f i ), percent of wind speed observations exceeding a threshold using 8 directional bins, interpolated from 4 station data according to the following equation:
where i is 1 of 8 cardinal directional headings representing 45° intervals, e i is the fractional proportion of time the wind was observed from the i th direction at greater than the overall 20% exceedance value for all wind speed observations at that station in the given year, and f i is the open water fetch in meters from the i th direction. These indices were calculated for each of the 4 stations. After generating the index using metrics for each station, the 4 resultant wind rasters were averaged together at the location of each site using a weighting scheme based on the squared inverse distance from each respective station to derive a year-specific EI e estimate. The overall 2010−2013 EI e used in the analysis is then calculated as the sum of the 4 computed annual EI e indices.
Data analysis
The sampling design for the analysis of percent cover of oyster habitat represents a 3 × 2 factorial ANOVA evaluating 3 shoreline oiling categories and 2 freshwater conditions (inside or outside a polygon of freshwater influence) ( Table 1) . Freshwater influence polygons were drawn based on examination of the duration and timing of freshwater releases in 2010 compared to typical and historical freshwater flows (Fig. 2) . For the purposes of evaluating nearshore oysters, we reduced the 5 shoreline oiling categories to 3: heavy persistent oiling as defined above, oiled, and no oil observed. The heavy/moderate and lighter oiling categories were combined into an 'oiled' category to distinguish effects of heavy persistent oiling, such as heavy fouling and smothering, from those sites that experienced more subtle effects of oiling (e.g. less physical fouling). Dependent variables in the analyses included percent cover of nearshore oyster habitat and density of market-, seed-, and spat-sized oysters per site. For each site, the abundance of oysters by size categories was averaged for the analyses using up to 6 replicate quadrats. Sites with and without any oyster cover were included in the analysis of percent cover, whereas only sites where quadrats were collected (positive percent cover) were used in the analyses of abundance.
The effect of onsite shoreline response/oil cleanup activities on percent cover of oyster habitat was tested using an unpaired, 2-tailed t-test assuming unequal variances. Treated sites were compared to untreated sites in the heavy persistent and oiling categories (as no response activities occurred in the no oil observed sites). We pooled treated and untreated sites across the 2 oiling categories to provide sufficient replication for the test. Although the potential for an interaction between treatment and oiling category exists, the lack of response activities in any of the no oil observed sites prevents resolving any interaction. Because of the potential bias of including all untreated sites from the no oil observed areas, which had higher percent cover than the other oiling categories, we excluded all no oil observed sites from this analysis.
To determine if the presence of oyster cover affected the erosion rate of adjacent vegetated marsh, we performed a series of univariate analyses. First, we tested whether the presence/absence of oyster habitat as measured in the winter of 2013 is associated with lower shoreline erosion from the fall of 2010 to the fall of 2013 using an unpaired, 1-tailed t-test assuming unequal variance. Next, we examined site-specific values of EI e scores to evaluate the possibility that areas with higher erosion potential had a higher probability of not having oyster cover. 
RESULTS

Distribution of oyster habitat
Percent cover of oyster habitat varied as a function of both shoreline oil exposure and location of sampling within the freshwater diversion release polygons. The interaction between the 2 factors was not significant (Table 2) . Lowest percent cover values were recorded in areas adjacent to marshes that experienced heavy and persistent oiling (2.3 ± 0.7%), followed by areas that experienced more moderate and less persistent oiling (6.9 ± 1.3%) and reference shorelines where no oil was observed (10.3 ± 2.1%; Fig. 3 ). The proportion of sites with no oysters, i.e. sites with percent cover of oyster habitat < 0.5%, was also highest adjacent to marshes that experienced heavy persistent oiling (56%), followed by oiling (43%) and no oil observed (24%). Sampling locations within the freshwater diversion-affected areas had higher percent cover of oyster habitat than areas outside (9.6 ± 2.0% vs. 5.4 ± 0.8%). Onsite response activities affected percent cover of oyster habitat. For oiled sites with documented onsite response activities, percent cover was significantly lower than oiled areas that did not have cleanup or response activities (t-test assuming unequal variances, t = −3.20, df = 179, p = 0.002, 2-tailed). The mean oyster percent cover at treated sites was 3.8% compared to 7.9% at untreated sites (Fig. 4) .
Live oysters were found at virtually all sites that had oyster habitat. In most cases, abundance of oysters did not vary significantly by shoreline oiling category, sampling location relative to a freshwater diversion polygon, or their interaction ( Table 2 ). The interaction between the 2 factors, i.e. shoreline oiling and freshwater diversion polygon, was not significant in any of the ANOVAs. Abundance of spat-, seed-, or marketsized oysters in areas where oyster habitat was present did not differ significantly with oiling, although a trend of lower abundances for spat-and seed-sized oysters was noticeable in the heavy persistent oiling category (Table 2, Fig. 5 ). The only exception was the abundance of market-sized oysters, which was significantly higher in locations that were within the freshwater diversion polygon (4.7 ± 1.5 vs. 2.5 ± 0.8 oyster m −2 ). The historical salinity pattern revealed a consistent difference between sites within and outside the freshwater diversion influence area but not among shoreline oiling category within those zones (Fig. 6) . Salinity for reference, oiled and heavy persistent oiled sites ranged from 7−18 ppt inside the area influenced by the freshwater diversion openings and 18−24 ppt in the area outside the freshwater diversion. 
Erosion and percent cover
Erosion of marsh occurred at almost all of the 79 sites where oyster metrics and shoreline change (transect lengths) were measured. The presence of oyster habitat was associated with significantly reduced shoreline erosion in the adjacent marsh (t-test assuming unequal variances, t = −1.83, df = 27, p = 0.0396, 1-tailed). Where oyster cover was absent, erosion was 8.4 ± 2.5 m over the 3 yr period. In contrast, erosion rate where oyster habitat was present was 3.8 ± 0.6 m over the same period. While oyster presence/absence significantly affected marsh erosion, onsite response activity along the shoreline did not have a significant effect on erosion rate (p = 0.152 for t-test) although a trend of higher erosion at sites with onsite response activities was noted (mean erosion 7.2 ± 1.6 at treated sites vs. 4.6 ± 1.5 m over the study period). Linear correlations between percent cover and erosion over the 3 yr window failed to produce a significant relationship (p = 0.693); however, higher rates of erosion were generally associated with lower percent cover. Finally, EI e scores did ) by shoreline oiling exposure category measured in Winter 2013 at 187 sites from Terrebonne Bay, Louisiana, to Mississippi Sound, Alabama, for market-, seed-, and spat-sized oysters not differ in areas with and without oyster habitat (p = 0.820). Oyster habitat occurred over the full range of EI e scores with mean values similar between areas with (5072 ± 595) and without oyster habitat (5280 ± 704).
DISCUSSION
The prevalence of biogenic habitat in nearshore areas of the world is a key factor that explains the high productivity of these areas. Biogenic habitats are hotspots of primary and secondary productivity within the coastal landscape by providing refuge and food for juvenile fish and invertebrates and en hanced nutrient cycling, among other ecosystem services (Heck et al. 2003) . In the GoM, the most common habitat encountered in estuarine and coastal areas is salt marsh (Minello et al. 2003) . The frequent inundation of marshes, driven primarily by wind in this microtidal environment, provides access to food and shelter for marine animals and accounts for a large secondary production of invertebrates (Rozas 1995 , Minello et al. 2003 , Haas et al. 2004 . Oyster reefs and seagrass meadows, while less common, also provide shelter and food for fish and invertebrates (Heck et al. 2003 , Coen et al. 2007 , Grabowski & Peterson 2007 . Often these habitats occur adjacent to one another and form a complex mosaic of structural refuge and foraging habitat for fish and invertebrates as well as terrestrial and avian vertebrates (Grabowski et al. 2005) . One of the most common couplings along the US Atlantic and Gulf Coast is that of saltmarsh and fringing oyster habitat (Grabowski et al. 2005 , Geraldi et al. 2009 ). Our estimate that 76% of salt marsh habitat in the no oil observed areas had adjacent oyster cover shows that such pairing frequently occurs in the northern GoM. The average percent cover of oysters in the no oil observed was 10%, which indicates that this landscape feature is sufficiently abundant to be important for ecosystem processes in the area (e.g. fish utilization and nutrient cycling). Baseline information on fringing oyster habitat is largely absent from the published literature, thus our estimate that the habitat is ubiquitous (76% of unimpacted sites) and relatively abundant within sites (10% cover) establishes a new baseline to examine the importance of this habitat coupling in coastal ecosystems.
As with other oil spills, oil transported in surface waters following the explosion and blowout of the DWH well was deposited in vast quantities along vegetated and non-vegetated shorelines. While oiling and recovery of salt marshes has received substantive attention in previous oil spills, no published studies exist on the fate of nearshore oyster habitat following an oil spill. Reduction in the amount of oyster habitat was evident in areas that were classified as having experienced shoreline oiling compared to areas where no oil was observed. For shorelines that were characterized as heavily and persistently oiled, shell habitat that would support oysters was on average only 2% compared to over 10% in non-oiled areas. In our study that surveyed an area of roughly 4000 m 2 (200 m shoreline length × 20 m width), this change in percent cover is equivalent to losing approximately 320 m 2 of oyster habitat at each of those sites characterized as heavy persistent oiling and approximately 135 m 2 in areas characterized as oiled. Oyster habitat appeared similar among sites where it was detected, with live oyster in all 3 oyster size classes present at comparable densities across the oiling treatments. The 2 patterns (percent cover decline while remaining reef had similar density) suggest that the injury resulting from the DWH oil spill in summer of 2010 was largely a function of an acute disturbance that occurred during or within 1 yr after the oil spill (assuming approximately 2 yr for oyster growth from spat to market size; see growth function in Soniat et al. 2012) .
The pattern of reduced oyster cover could be a function of extensive oiling and smothering of oysters along the shoreline during the spill as well as disturbance from shoreline cleanup and onsite response activities that occurred in oiled areas. The latter is supported by the pattern of reduced percent cover of oyster habitat in areas where response activities occurred. Deployment of field crews, landing of vessels, booms scouring the shallow bottom sediments, flushing of oil-soaked contaminated marshes with water all could result in trampling, smothering, and burial of oyster habitat. The difference between untreated and treated shorelines does not preclude that direct oiling of oyster habitat also contributed to the loss of oyster cover. Oysters that occur near the marsh edge often inhabit very muddy, soft sediments, and their position above the sediment surface is a precarious one because the weight of the oyster itself would be expected to cause sinking over time. The filtration activity of the oysters and the annual recruitment of new oysters that gregariously settle on oyster shell may thwart burial and promote vertical relief. Because most of the shell habitat has a vertical relief of no more than 50 cm (S. Powers pers. obs.), smothering by the mousse-like oil residue that coated many shorelines (Fig. 1) following the oil spill could have prevented filtration and additional recruitment. Over a relatively short time this degraded oyster habitat could have been buried.
Regardless of the injury pathway (shoreline oil spill response activities or direct oiling of shorelines), oyster habitat in areas receiving oil following the DWH oil spill was severely degraded. Given the documented decreases in oyster habitat over recent decades in the GoM (see zu Ermgassen et al. 2012) , such episodic losses are a reason for added concern and could further stress a habitat near its tipping point. Because the fishery value of nearshore oysters in the northern GoM is limited (although these areas have the potential to serve as a de facto spawning sanctuary that 'seeds' areas of harvest), the loss of ecosystem functions and services is the pressing concern for resource managers. Extensive literature now exists on the ecological benefits of oyster reefs (see Coen et al. 2007 , Grabowski et al. 2012 for recent reviews) and supports that the loss of habitat can have effects on nutrient cycling (Piehler & Smyth 2011 , Beseres Pollack et al. 2013 , Kellogg et al. 2013 ), fish and invertebrate production (Peterson et al. 2003) , water clarity (Ne well & Koch 2004 , Grizzle et al. 2008 , and shoreline stabilization (Scyphers et al. 2011) . Collectively, the annual economic value of these services (excluding oyster harvest) was recently estimated to total US $5500−99 000 ha −1 (Grabowski et al. 2012) . We were able to test the potential for one of these ecosystem services, viz. shoreline stabilization, within our study area by coupling our measurements of oyster habitat with measurements of shoreline erosion collected under companion studies .
The presence of oysters along the shoreline reduced the 3 yr erosion rate by over 50%. Our analysis of EI e scores also provides strong evidence that the pattern is not a function of oyster preference or physical disturbance in areas that experience more erosive forces. Oyster cover occurred across a spectrum of erosive conditions as measured by EI e scores, thus oyster cover is not restricted to only low energy sites where erosion would be expected to be reduced. Consistent through all of our findings is the role of oyster habitat reducing erosion. Although shoreline stabilization has been increasingly cited as a potential benefit of oyster reefs, few empirical studies exist that quantify the benefit (NRC 2014 , Powers & Boyer 2014 . Our study is the first to provide field-collected data over a large geographic area that establishes that the presence of oyster reefs mitigates or buffers erosion. Previous studies (e.g. Piazza et al. 2005 , Scyphers et al. 2011 were performed at sites spanning just a few 100s of m. Piazza et al. (2005) demonstrated that spreading low-relief oyster shell cultch could reduce shoreline retreat in areas of low to moderate erosive energies in Sister Lake, Louisiana. Scyphers et al. (2011) demonstrated that erosion and vegetation retreat was reduced behind restored oyster reefs near Point aux Pins, Alabama. Interestingly, both studies demonstrated effects of similar magnitude: 40% reduction in Scyphers et al. (2011) and 25% in Piazza et al. (2005) . Emergent oyster habitat protects shorelines by dampening wave energies and potentially trapping sediments eroded from the shoreline or transported through nearshore currents (NRC 2014) . The lack of a strong correlation between percent cover and erosion (our finding is based on presence/absence) demonstrates the complexity of the relationship. Our percent cover estimate is based on site-level measurements over an area of 4000 m 2 extending 20 m from the shoreline. Sites varied in their distribution of oyster habitat, but in general, oyster cover was greatest closer to the shoreline (peaking around 2−3 m from the marsh edge). The local arrangement of oyster patches likely influences the wave attenuation properties of oyster habitat (Lunt et al. 2017) , and this unexplained variance could contribute to the lack of a strong fit in the relationship between oyster density and erosion (Koch et al. 2009 ).
Our results demonstrate that nearshore marsh ecosystems were degraded through both direct (loss of oyster habitat) and indirect (erosion of marsh from loss of oyster habitat) pathways as a consequence of the DWH oil spill. Reduction in oyster habitat occurred as a direct result of shoreline oiling or onsite response and oil cleanup activities. This reduction leads to increased marsh erosion rates. While indirect effects of oil spills have been documented (see Peterson et al. 2003) , the disruption of the strong facilitation between 2 ecosystem engineers represents a previously undocumented pathway of injury resulting from an oil spill. Unfortunately, additional monitoring necessary to document recovery time was not conducted due to cost considerations; however, natural recovery times would be expected to take decades given modest natural spreading. Rodriguez et al. (2014) reported natural spreading rates of 10−30 cm yr −1 of radial expansion for restored oyster reefs in North Carolina with high vertical relief and shell material, but extremely low (< 5 cm) on patches without adequate hard substrate for oysters to recruit. The latter reef types are more similar to those measured in our study. Consequently, the lost expanses of oyster habitat along GoM shorelines will persist until intervention (shell placement as part of a restoration program) is initiated. This lingering effect would be expected to result in further loss of vegetated marsh and exacerbate declines in ecosystem function. Given the current high rate of wetland loss in the northern GoM (Kennish 2001) , particularly in Louisiana where much of our study was conducted, and the decades-long, slow demise of oyster reefs in the GoM (zu Ermgassen et al. 2012) , the additional loss of both habitats resulting from the DWH oil spill represents a conservation emergency that requires rapid restoration of this habitat mosaic.
The findings of this study, based on co-located coastal wetland vegetation study sites and oyster study sites, do not preclude other findings of relationships among shoreline vegetation, erosion, and/or oil exposure based on further analysis of data from the universe of the nearshore sites studied as part of the DWH NRDA. Moreover, the loss of vegetated shoreline as a result of oyster habitat degradation does not preclude other direct and indirect effects resulting from the oiling of vegetated areas, which our study had limited statistical power to test. Instead, this study documents an entirely unreported pathway of injury from oil to greater potential marsh erosion.
